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ABSTRACT:  The  Mn/Mn02  reactive  system  was  investigated  as  a  suitable  replacement  for 
the  traditional  W/BaCr04/KC104/diatomaceous  earth  delay  composition.  The  delay 
performance,  ignition  sensitivity,  and  aging  characteristics  were  examined  in  aluminum 
microchannels  similar  in  diameter  to  common  delay  housings  (4.7  mm).  Stoichiometries  with 
measured  combustion  temperatures  between  1358  and  2113  K  were  self-sustaining  with 
combustion  velocities  ranging  from  2.4  to  7.3  mm  s-1.  The  Mn/MnOj  system  produced  less 
gas  than  W/BaCr04/KC104/diatomaceous  earth  compositions  allowing  consideration  for  use 
in  sealed  delay  housings.  Accelerated  aging  at  70  °C  and  30%  relative  humidity  for  8  weeks 
resulted  in  no  measurable  loss  of  performance.  Safety  characterization  showed  that  this 
composition  is  not  sensitive  to  ignition  by  friction  or  electrostatic  stimuli.  The  combustion 
products  (as  determined  by  X-ray  diffraction)  appear  to  be  benign  based  on  current  regulations. 

Therefore,  the  Mn/Mn02  system  appears  to  be  a  suitable  low  gas-producing,  nonsensitive,  less 
toxic  delay  composition  with  good  longevity. 

KEYWORDS:  Pyrotechnic,  Environmentally  benign,  MicroChannel  combustion,  Pyrotechnic  time  delays,  Manganese, 
Manganese  dioxide,  Aging 
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■  INTRODUCTION 

Combustion  of  pyrotechnic  time  delay  compositions  are 
engineered  to  provide  a  repeatable  time  increment  in  the  firing 
train  of  munitions.  These  mixtures  generally  consist  of  metal 
fuel  (W,  Mn,  etc.)  and  various  oxidizers  (chromates, 
perchlorates)  as  well  as  diluents.  Traditional  pyrotechnic 
delay  compositions  such  as  W/BaCr04/KC104/diatomaceous 
earth  and  Mn/BaCr04/PbCr04  have  been  used  since  the 
1950s  due  to  their  dependability  and  wide  range  of  combustion 
velocities  (0.6—150  mm  s-1).1  6  Additional  requirements  for 
delay  compositions  include  low  gas  production,  compliance 
with  evolving  environmental  regulations,  low  ignition  sensitivity 
to  various  stimuli  (e.g.,  friction,  electrostatic  discharge),  and 
long-term  storage  stability,  which  motivates  the  development  of 
new  compositions.  Several  fielded  compositions  are  highly 
scrutinized  due  to  their  environmentally  hazardous  components 
(i.e.,  BaCr04,  PbCr04,  and  KC104).7  7  Recent  efforts  have 
investigated  various  alternate  compositions  (e.g.,  metal/metal 
oxide,  intermetallics,  metalloid/metal  oxide),  which  are  capable 
of  propagating  at  rates  less  than  5  mm  s-1.  However,  they  may 
contain  environmentally  questionable  constituents,  have 
relatively  high  gas  production,  or  only  propagate  at  low  packing 
densities.10  15 

Swanepoel  et  al.16  investigated  the  Mn/Bi203  and  Mn/ 
Mn02  thermite  systems  and  demonstrated  combustion 
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velocities  in  the  range  of  5—22  mm  s_1.  However,  the  Mn 
used  in  that  study  was  waste  Mn  from  a  local  industrial  plant, 
and  the  delay  processing  method  was  quite  different  than  that 
currently  used  by  many  United  States  delay  manufacturers.16  At 
very  low  packing  densities,  Kappagantula  et  al.17  showed  that 
micron  and  nano-sized  Mn/Mn02  is  nearly  gasless  and 
exothermic  enough  to  overcome  the  heat  losses  associated 
with  borosilicate  channels  as  small  as  3  mm.  The  low  gas 
evolution  and  previously  demonstrated  combustion  velocities 
indicate  that  this  system  might  be  an  excellent  replacement 
candidate  for  traditional  delay  compositions.  To  accomplish 
this,  a  performance  evaluation  with  standard  commercially 
available  materials  and  processing  techniques  is  needed  in  order 
for  this  composition  to  be  fully  considered  as  a  replacement 
time  delay  composition.  The  objective  of  this  work  was  to  study 
Mn/Mn02  as  a  pyrotechnic  delay  composition  with  detailed 
combustion  velocity  experiments,  gas  production  measure¬ 
ments,  combustion  product  analysis,  sensitivity  testing,  and 
accelerated  aging  experiments. 
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■  EXPERIMENTAL  SECTION 

Reactive  Compositions.  Nominal  sizing  and  vendor  information 
for  the  powders  used  in  these  experiments  are  summarized  in  Table  1. 

Table  1.  Vendor  Information  of  Reactant  Powders 


powder 

nominal  particle  size 

vendor 

Bi203 

15.4  //m 

Alfa  Aesar 

BaCr04 

MIL-B-550A,  grade  A 

Hummel  Croton 

black  powder 

Class  7,  40—100  mesh 

- 

diatomaceous  earth  15.4  fim 

Sigma-Aldrich 

Fe203  (III) 

—325  mesh 

Firefox  Enterprises 

kcio4 

MIL-P-217A,  grade  A,  Class  4 

Hummel  Croton 

Mn 

—325  mesh 

Alfa  Aesar 

Mn02 

—325  mesh 

Alfa  Aesar 

Si 

MIL-S-230C,  grade  2,  Class  C 

AEE 

W 

MIL-T-48140,  Type  1 

AEE 

Zr 

—325  mesh 

Alfa  Aesar 

Particle  size  distributions  for  Mn  and  Mn02  were  obtained  using  a 
Malvern  Mastersizer  2000  equipped  with  a  Hydro  2000  fiP  dispersant 
unit  with  ethanol  as  the  dispersant.  Figure  SI  of  the  Supporting 
Information  shows  the  Mn  and  Mn02  particle  size  data. 

Mn/Mn02  compositions  were  dry  mixed  in  30  mL  HDPE  bottles 
using  a  Resodyn  LabRAM  mixer  at  80%  intensity  in  2  min  intervals  for 
a  total  of  6  min.  The  details  of  the  mixing  procedures  used  for  the  W/ 
BaCr04/KC104/ diatomaceous  earth,  A1  A,  and  Si/Bi203  compositions 
are  supplied  in  the  Supporting  Information. 

Combustion  Experiments.  Microchannels  of  similar  size  to  a 
typical  fielded  delay  housing  were  used  for  combustion  experiments 
and  consisted  of  2024  grade  T3  aluminum  tubes  with  inner/outer 
diameters  of  4.7/9.3  mm.12  To  achieve  the  desired  packing  density  in 
the  channels,  reactive  compositions  were  pressed  to  a  stop  using  a 
Carver  12  ton  press.  A  dwell  time  of  approximately  10  s  was  used. 
Approximately  1  mm  of  igniter  composition  was  pressed  on  either  end 
of  the  channel  to  act  as  an  ignition  source  and  to  signal  when  the 
reaction  reached  the  end  of  the  microchannel.  One  igniter  used  in  this 
study,  referred  to  as  A1A,  is  composed  of  65  wt  %  Zr,  25  wt  %  Fe203, 
and  10  wt  %  diatomaceous  earth.  Other  igniter  systems  used  were 
black  powder  and  a  mixture  of  30  wt  %  Si  and  70  wt  %  Bi203.  The 
various  microchannel  configurations  are  shown  in  Figure  1,  and  the 
different  igniter  combinations  are  summarized  in  Table  2. 


Reactive  Mixture 
1st  igniter 


Aluminum  Tube 

2nd  igniter 


Reactive  Mixture  Aluminum  Tube 


13.24  mm 

15.24  mm 
(A) 


(B) 


Figure  1.  (a)  Baseline  microchannel  configuration,  (b)  MicroChannel 
with  microthermocouple  port  for  combustion  temperature  measure¬ 
ments. 


Table  2.  Igniter  Configurations 

configuration  name 

1st  igniter  (input) 

2nd  igniter  (output) 

igniter  A 

A1A 

A1A 

igniter  B 

Si/Bi203  (30/70) 

black  powder 

used  to  record  the  experiment  at  30  frames  per  second,  and  the 
combustion  velocity  was  determined  by  dividing  the  length  of  the 
microchannel  by  the  time  between  first  light  observed  on  either  side  of 
the  channel.  Temperature  profiles  of  the  reacting  composition  were 
measured  in  situ  by  inserting  a  0.20  mm  B-type  thermocouple  through 
a  microthermocouple  port  as  displayed  in  Figure  lb.  For  near 
stoichiometric  Mn/Mn02  mixtures,  a  0.08  mm  C-type  thermocouple 
was  used  because  the  peak  combustion  temperature  was  found  to 
exceed  that  of  the  B-type  (temperature  maximum  of  1973  K). 

Gas  Generation  Measurements.  Tap  compacted  Mn/Mn02 
powder  (1.2  ±  0.1  g)  was  ignited  with  an  electrically  heated  30 
gauge  nichrome  wire  in  air  at  ambient  conditions  in  an  instrumented 
151  mL  stainless  steel  constant  volume  vessel.  The  internal  pressure  of 
the  vessel  was  measured  with  a  Druck  PMP  1260  pressure  transducer 
during  combustion  experiments.  The  transducer  signal  was  recorded  at 
100  Hz  using  a  National  Instruments  SCXI-1300  signal  conditioner 
and  a  custom  LabView  program.  Gas  production  was  determined  from 
the  vessel  pressure  measurements  using  eq  1,  where  A Pcomb  is  the  peak 
pressure  rise  due  to  the  combustion  event,  is  the  volume  of  the 
combustion  chamber,  P ^  is  the  ambient  pressure,  and  mcomp  is  the 
mass  of  the  composition  reacted.  The  volume  of  gas  produced  by  a 
composition  in  ambient  conditions  was  approximated  by  the  partial 
pressure  of  the  combustion  gases  (0— 10  kPa)  adiabatically  expanded 
to  atmospheric  conditions.  This  approximation  assumes  the  heat  losses 
to  the  combustion  chamber  are  minimal  during  combustion  (~1  s 
duration).  The  gas  produced  from  the  reaction  is  reported  in  cubic 
centimeters  per  gram  of  reacted  mixture  (cc  g-1). 


17-  (  —  T\  ^^comb^comb 

*gas  VCC  8  /  —  n 


(i) 


A  30  gauge  electrically  heated  nichrome  wire  was  used  to  ignite  the 
first  ignition  increment.  A  Sony  HandyCam  digital  video  camera  was 


Accelerated  Aging.  An  8  week  accelerated  aging  study  was 
conducted  using  neat  Mn  and  three  different  stoichiometries  of 
premixed  Mn/Mn02  according  to  the  aging  standard  NAVSEAINST 
8020.5C.18  Loose  powder  samples  were  stored  in  open  30  mL  LDPE 
bottles  in  a  Tenney  TJR  environmental  test  chamber  at  70  ±  1  °C, 
while  a  saturated  salt  bath  solution  (magnesium  chloride  hexahydrate) 
with  a  humidity  feedback  controlled  water  addition  maintained  the 
relative  humidity  at  30  ±  1%.  The  combustion  velocity  of  the  aged 
powders  was  evaluated  in  the  previously  described  experimental 
combustion  setup  (4.7  mm  Al  channels)  every  2  weeks.  The  thermal 
behavior  of  unaged  and  aged  Mn  was  assessed  with  a  TA  Instruments 
Q600  DSC/TGA  in  90  //L  alumina  pans  over  a  range  from  200  to 
1200  °C  at  heating  rates  of  20  °C  min-1  under  Ar/02  (80/20  by 
volume)  at  a  flow  rate  of  100  mL  min-1. 

Sensitivity  Analysis.  Safety  characteristics  of  both  igniter 
compositions  and  the  stoichiometric  Mn/Mn02  composition  were 
evaluated  using  standard  procedures  from  MIL-STD-1751A.19 
Electrostatic  discharge  (ESD)  sensitivity  was  assessed  using  method 
1032  (ARDEC).  Friction  sensitivity  was  determined  using  method 
1024  (BAM)  on  a  Chilworth  machine. 

■  RESULTS  AND  DISCUSSION 

Theoretical  and  Experimental  Combustion  Temper¬ 
atures.  In  this  study,  the  reaction  shown  in  eq  2  was 
considered.  This  reaction  proceeds  by  a  series  of  decom¬ 
positions  from  MnOz  to  Mn203  at  approximately  870  K,  which 
then  later  decomposes  to  Mn304  at  1150  K.  These 
decomposition  reactions  release  gaseous  02  that  exothermically 
reacts  with  whatever  fuel  is  present  (i.e.,  Mn). 16,20-22 
Thermo  chemical  predictions  of  this  reaction  were  made  using 
Cheetah  v6.023  at  a  constant  pressure  of  1  atm.  Figure  2  shows 
that  the  predicted  adiabatic  combustion  temperature  depends 
on  stoichiometry.  As  such,  the  theory  from  Zeldovitsch  et  al.24 
predicts  that  the  combustion  velocity  will  also  depend  on 
stoichiometry.  At  stoichiometric  conditions  (39  wt  %  Mn),  the 
maximum  theoretical  adiabatic  combustion  temperature  of 
2484  K  is  predicted.  Due  to  the  high  heat  losses  of  the  small 
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Figure  2.  Predicted  adiabatic  combustion  temperature  vs  Mn  content 
using  Cheetah  v6.0. 


scale  of  the  experiments  presented  here,  adiabatic  conditions 
cannot  be  assumed.  As  expected,  Figure  3  shows  that 


2200 
2000 
g  1800 
§  1600 
£»  1400 

<D 

|  1200 
®  1000 
800 
600 

0  10  20  30  40 

Time  (s) 


Figure  3.  Mn/Mn02  combustion  temperature  profiles  at  various 
stoichiometries  in  A1  microchannels  at  60%  TMD.  The  x-intercept  of 
this  data  is  staggered  by  5  s  for  presentation  clarity. 


experimentally  measured  combustion  temperatures  vary  greatly 
with  stoichiometry.  The  maximum  experimental  peak  temper¬ 
ature  (2113  K)  was  measured  at  near-stoichiometric  conditions, 
while  the  minimum  peak  temperature  (1358  K)  was  measured 
for  the  most  fuel-rich  mixture  (70  wt  %  Mn).  While  this 
temperature  is  below  Merzhanov’s  prediction  that  purely 
condensed  phase  reactions  will  not  self-propagate  below 
~1800  K,  delay  compositions  that  produce  low  quantities  of 
gas  such  as  W/BaCr04/KC104/diatomaceous  earth  and  Mn/ 
BaCr04/KC104  are  documented  to  be  self-sustaining  at  much 
lower  temperatures,  as  low  as  1123  K.4'25 


xMn  +  yMnQj 


— >  zMnO  + 


[^y  ~  ^-zjMnjQj 


+ 


Mn 


(2) 


Sensitivity  and  Role  of  Igniter  Type  and  Stoichiom¬ 
etry.  To  document  delay  time  performance,  a  range  of 
stoichiometries  were  assessed  with  two  different  igniter 
systems.  Igniter  A  (A1A)  is  an  effective  igniter  due  to  its 
high  predicted  combustion  temperature  of  3744  K  (l  atm)  but 
has  been  documented  to  be  sensitive  to  ignition  via  ESD.26 
Military  standard  A1A  has  a  documented  ESD  ignition 
threshold  of  0.05  mj  due  to  the  zirconium  powder.27  A  second 
less  sensitive  igniter  B  (Si/Bi203  (30/70))  was  also  considered 
even  though  it  has  a  lower  predicted  combustion  temperature 
of  2031  K.  Electrostatic  discharge  and  friction  sensitivity  for 
both  igniters  is  presented  in  Table  3.  Since  pyrotechnic 
compositions  are  often  produced  in  large  quantities,  the 
ignition  sensitivity  of  the  Mn/Mn02  composition  to  various 


Table  3.  Sensitivity  of  Compositions  to  ESD  and  Friction 
Stimuli.  Nominal  Ignition  Thresholds  Were  Determined 
Using  the  Bruceton  50%  Method  as  Described  in  MIL-STD- 
1751  A19 


composition 

ESD  threshold  (mj) 

friction  threshold  (N) 

A1A  (this  study) 

<0.1 

282.5 

A1A  (MIL-SPEC)27 

0.05 

- 

Mn/Mn02  (40/60) 

>250 

>353.2 

Si/BLOj  (30/70) 

16 

>353.2 

stimuli  must  also  be  known.  Near-stoichiometric  Mn/Mn02 
(40/60)  was  found  to  be  insensitive  to  both  ESD  and  friction 
stimuli  according  to  MIL-STD-1751A.19  For  comparison,  a 
standard  W/BaCr04/KC104/diatomaceous  earth  composition 
(32/53/10/5  by  wt  %)  was  also  found  to  be  insensitive  to  both 
ESD  and  friction  stimuli  according  to  MIL-STD-1751A.19'28 

Figure  4  shows  the  role  stoichiometry  has  on  combustion 
velocity,  with  a  trend  resembling  that  previously  presented  by 


Mn  (wt.  %) 


Figure  4.  Combustion  wave  velocity  of  Mn/Mn02  as  a  function  of  Mn 
wt  %  in  4.7  mm  A1  channels  at  60%  TMD. 


Swanepoel  et  al.16  Repeatability  was  demonstrated  with  three 
experiments  at  40,  50,  and  60  wt  %  Mn  resulting  in  combustion 
velocities  of  5.99  ±  0.10,  6.62  ±  0.16,  and  4.73  ±  0.16  mm  s-1, 
respectively;  the  reported  error  is  the  standard  deviation  of  the 
velocity  measurement.  The  peak  combustion  velocity  was 
observed  at  slightly  fuel-rich  conditions  (45  wt  %  Mn). 
Between  40  and  65  wt  %  Mn,  full  propagation  was  observed  for 
both  igniters  used  with  little  difference  in  measured  combustion 
velocity.  However,  for  the  most  fuel-lean  or  fuel-rich  mixtures 
(30  and  70  wt  %  Mn),  only  the  hotter  igniter  (A1A)  led  to  full 
propagation.  Overall,  a  range  of  combustion  velocities  between 
2.4  and  7.3  mm  s-1  was  achieved  with  the  Mn/Mn02  system 
for  mixtures  ranging  from  30  to  70  wt  %  Mn.  Though  the  W/ 
BaCr04/KC104/diatomaceous  earth  delay  composition  has  a 
larger  range  of  available  combustion  velocities  (0.6—150  mm 
s-1),1’5  future  work  should  explore  additives  to  the  Mn/MnOz 
system  to  further  tailor  the  combustion  velocity. 

Effect  of  Stoichiometry  on  Gas  Generation.  The 
measured  gas  production  of  Mn/MnOz  was  directly  compared 
to  that  of  the  W/BaCr04/KC104/diatomaceous  earth  system 
by  assessing  both  in  a  small  constant  volume  vessel.  The  gas 
generation  of  four  different  W/BaCr04/KC104/diatomaceous 
earth  compositions  was  evaluated  with  three  experiments  each. 
Table  4  shows  that  these  compositions  produced  gas  volumes 
from  15.7  to  29.4  cc  g,^-1.  Figure  5  shows  the  gas  production 
volume  of  Mn/Mn02  as  a  function  of  stoichiometry,  and 
corresponding  error  bars  are  shown.  Repeatability  was  assessed 
with  three  experiments  at  40,  50,  and  60  wt  %  Mn.  Similar  to 
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Table  4.  Produced  Gas  Volume  of  Various  W/BaCr04/ 
KC104/Diatomaceous  Earth  Compositions 


W/BaCr04/KC104/diatomaceous  earth  (wt  %) 

V  (cc/g) 

35/50/10/5 

19.0  ±  3.1 

50/35/10/5 

29.4  ±  2.2 

50/40/5/5 

15.7  ±  2.0 

65/25/5/5 

18.8  ±  1.4 

Mn  (wt.  %) 


Figure  S.  Measured  gas  volume  produced  as  a  function  of 
stoichiometry  for  Mn/MnOj. 


the  combustion  velocities,  gas  production  was  greatest  at  45 
and  least  at  70  wt  %  Mn.  For  all  stoichiometries,  the  Mn/Mn02 
system  produces  less  gas  (<12  cc  gmix_1)  than  the  W/BaCr04/ 
KC104/diatomaceous  earth  compositions,  which  allows  con¬ 
sideration  for  use  in  sealed  delay  housings. 

Environmental  Assessment  of  Combustion  Products. 
Ideally,  modern  delay  compositions  will  not  have  constituents 
or  combustion  products  that  are  hazardous  or  highly  regulated 
(e.g.,  BaCr04,  PbCr04,  KC104,  or  others).  For  the  W/ 
BaCr04/KC104/ diatomaceous  earth  composition,  both  the 
reactants  and  the  combustion  products  can  contain  toxic 
chemicals  such  as  BaCr04.4  X-ray  diffraction  analysis  of  the 
combustion  products  for  the  Mn/MnOz  system  is  shown  in 
Figure  6  and  indicates  a  shift  in  product  formation  when  the 


(70/30) 

(60/40) 

(50/50) 

(40/60) 

(30/70) 

30  40  50  60  70 

20 

Figure  6.  XRD  analysis  of  Mn/MnOj  combustion  products  from  4.7 
mm  A1  channel  experiments. 


stoichiometry  is  fuel-rich,  fuel-lean,  or  near-stoichiometric.  As 
expected  from  eq  2,  only  MnO  was  detected  in  the  combustion 
products  of  the  near-stoichiometric  Mn/Mn02  (40/60) 
mixture.  At  fuel-rich  conditions,  MnO  and  excess  Mn  were 
present,  indicating  that  the  Mn  did  not  fully  react,  while  for 
fuel-lean  conditions,  MnO  and  Mn304  were  detected.  All  of  the 
reactants  and  products  (i.e.,  Mn,  MnO,  Mn02,  Mn304)  have 
no  known  carcinogenic  properties29'30  and  do  not  have  the 
stringent  regulations  that  are  associated  with  hexavalent 
chromium  and  perchlorates.7  9  In  summary,  the  Mn/Mn02 


system  is  relatively  benign  compared  to  the  current  delay 
compositions  that  contain  BaCr04,  PbCr04,  and  KC104. 

Effect  of  Accelerated  Aging.  It  was  previously  docu¬ 
mented  that  aging  of  the  Mn-based  delay  system  Mn/BaCr04/ 
Pb0rO4  at  70  °C  and  30%  relative  humidity  led  to  performance 
degradation.3  In  contrast,  the  W/BaCr04/KC104/diatoma- 
ceous  earth  system  did  not  show  any  performance  degradation 
when  aged  under  the  same  conditions.3  However,  it  was  not 
determined  whether  Mn  oxidation  or  interaction  of  Mn  with 
the  oxidizers  (BaCr04,  PbCr04)  led  to  the  poor  aging 
characteristics.  There  may  still  be  potential  aging  concerns  for 
the  Mn/Mn02  system.  For  example,  growth  of  the  Mn  oxide 
layer  (Mn304)  could  result  in  faster  combustion  velocities, 
while  moisture  absorption  could  result  in  slower  combustion 
velocities  when  compositions  are  stored  long-term.17  In  this 
study,  three  stoichiometries  of  Mn/MnOz  were  considered:  40, 
50,  and  60  wt  %  Mn.  Aged  premixed  compositions  and  aged 
Mn/unaged  Mn02  compositions  were  assessed  in  4.7  mm  A1 
tubes  every  2  weeks  for  8  weeks  to  determine  which  constituent 
may  cause  a  potential  change  in  performance.  As  shown  in 
Figure  7  (as  well  as  Figures  S2A  and  B,  Supporting 
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Figure  7.  Combustion  velocities  of  Mn/MnOj  (40/60)  as  a  function 
of  aging  duration.  Open  circles  show  data  for  aged  Mn/ unaged  Mn02 
compositions,  and  closed  circles  show  data  for  aged  Mn/Mn02 
compositions. 


Information),  combustion  velocities  remained  within  the 
standard  deviation  of  the  original  velocity  measurements  of 
the  unaged  composition  over  a  time  period  of  8  weeks. 
Additionally,  Figure  8  shows  the  DSC/TGA  analysis  in  an 
oxidizing  environment  (80/20  vol  %  Ar/Oz);  no  significant 
difference  in  active  content  was  noted  between  unaged  and 
aged  Mn  powder.  A  gradual  weight  gain  above  250  °C  is 
observed  due  to  partial  oxidation  of  Mn  to  form  MnO. 
Exothermic  peaks  at  656  and  795  °C  indicate  the  oxidation  of 
Mn  to  MnO  and  MnO  to  Mn203,  respectively.  The 
endothermic  reduction  of  Mn203  to  Mn304  was  observed  at 
928  °C  and  was  accompanied  by  a  small  mass  loss.16  The 
endothermic  phase  change  of  a-Mn304  to  //-Mn304  was 
observed  at  1168  °C.31  Since  thermal  analysis  of  the  aged  and 
unaged  Mn  produced  similar  DSC/TGA  profiles  while 
maintaining  consistency  with  the  documented  thermal  behavior 
of  Mn/ O^  it  appears  that  aging  did  not  significantly  alter  the 
Mn. 16,31  Additionally,  since  aging  according  to  standard 
NAVSEAINST  8020.5C  did  not  result  in  altered  combustion 
velocities  (faster  or  slower),  no  coatings  or  inhibitors  are  likely 
necessary  for  long-term  storage  of  this  composition.18 
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Figure  8.  (A)  DSC  and  (B)  TGA  scans  of  unaged  and  8  weeks  aged 
Mn  at  20  °C  min-1  with  80/20  vol  %  Ar/02  flow  of  100  mL/min.  For 
presentation  clarity,  the  y-axis  was  staggered  by  5  W/g  and  5  wt  %, 
respectively.  The  onset  temperature  of  the  exothermic  event  and  the 
peak  temperature  of  each  endothermic  event  are  labeled  on  the  DSC 
plot. 


■  CONCLUSION 

In  this  study,  Mn/Mn02  was  characterized  as  a  potential 
replacement  delay  composition  with  aluminum  microchannel 
combustion  experiments,  gas  production  experiments,  ignition 
sensitivity  assessments,  combustion  product  analysis,  and  an 
accelerated  aging  study.  The  Mn/Mn02  system  was  shown  to 
propagate  in  4.7  mm  diameter  aluminum  microchannels  similar 
to  common  delay  housings.  The  attainable  range  of  combustion 
velocities  was  affected  by  igniter  type,  while  the  combustion 
velocity  depended  primarily  on  stoichiometry,  consistent  with 
the  measured  combustion  temperatures.  For  all  stoichiometries, 
the  Mn/Mn02  system  produced  less  gas  than  W/BaCr04/ 
KC104/diatomaceous  earth  compositions,  allowing  it  to  be 
considered  for  use  in  sealed  delay  housings.  An  accelerated 
aging  study  according  to  NAVSEAINST  8020.5C  at  70  °C  and 
30%  relative  humidity  demonstrated  that  multiple  stoichiome¬ 
tries  maintain  consistent  performance  over  a  period  of  8  weeks. 
Additionally,  near-stoichiometric  Mn/Mn02  was  found  to  be 
insensitive  to  friction  and  ESD  stimuli  according  to  MIL-STD- 
1751A.  The  reactants  and  combustion  products  were  found  to 
only  consist  of  unregulated  compounds  (i.e.,  Mn,  MnO,  Mn02, 
Mn304)  unlike  current  delay  compositions,  which  contain 
BaCr04,  PbCr04,  and  KC104.  Overall,  the  Mn/Mn02  system 
appears  to  be  a  suitable  low  gas-producing,  nonsensitive,  less 
toxic  delay  composition  with  combustion  velocities  in  the  range 
of  2.4— 7.3  mm  s-1  with  good  aging  characteristics. 
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Q  Supporting  Information 

Mn  and  Mn02  size  distribution  data  (Figure  Si).  Combustion 
velocities  of  (Figure  S2A)  Mn/Mn02  (50/50)  and  (Figure 
S2B)  Mn/Mn02  (60/40)  as  a  function  of  aging  duration.  Si/ 
Bi203  and  W/BaCr04/KC104/diatomaceous  earth  composi¬ 


tions  mixing  methods  and  the  A1A  composition  mixing 
method.  Additional  combustion  experiments  in  aluminum 
tubes  and  hand-held  signal  delay  housings.  Vendor  information 
on  reactant  powders  used  in  supplemental  experiments  (Table 

51) .  Particle  size  distribution  of  Mn  and  Mn02  powder  used  for 
supplemental  experiments  (Figure  S3).  Combustion  experi¬ 
ment  data  in  aluminum  tubes  and  HHS  delay  housings  (Table 
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Figure  SI.  Particle  size  distribution  of  Mn  and  MnOo  powder. 
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Figure  S2.  Combustion  velocities  of  (A)  Mn/MnCb  (50/50)  and  (B)  Mn/MnCb  (60/40)  as  a 
function  of  aging  duration.  Open  circles  show  data  for  aged  Mn/unaged  Mn02  compositions  and 


closed  circles  show  data  for  aged  Mn/Mn02  compositions. 


Si/BhOs  and  W/BaCrCVKClCVDiatomaceous  Earth  Compositions  Mixing  Method. 

Si/Bi203  and  W/BaCrOVKClOVdiatomaceous  earth  mixtures  were  dry  mixed  in  30mL  HDPE 
bottles  using  the  following  procedure: 

(1)  Mix  with  Resodyn  Lab  RAM  mixer  at  40%  intensity  for  one  minute 

(2)  Passed  through  a  50  mesh  sieve 

(3)  Mix  with  Resodyn  LabRAM  mixer  at  40%  intensity  for  one  minute 

(4)  Passed  through  a  50  mesh  sieve 

(5)  Mix  with  Resodyn  LabRAM  mixer  at  40%  intensity  for  one  minute 

A1A  Composition  Mixing  Method. 

For  safety,  the  A1A  composition  was  wet  mixed  with  a  spatula  in  ethanol  (~5  mL  per  gram  of 
mixture)  and  then  dried  on  a  hot  plate  at  40  °C. 
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Additional  Combustion  Experiments  in  Aluminum  Tubes  and  Hand-Held  Signal  Delay 
Housings. 

Nominal  sizing  and  vendor  information  for  the  powders  used  in  experiments  in  this  section  only 
are  summarized  in  Table  SI.  Particle  size  distributions  for  Mn  and  MnCF  were  obtained  using  a 
Microtrac  S3500  laser  diffraction  particle  size  analyzer  with  water  as  the  dispersant.  Figure  S2 
shows  the  Mn  and  MnCF  particle  size  data  for  the  powders  used. 

Table  SI.  Vendor  infonnation  of  reactant  powders  used  in  supplemental  experiments. 


Powder 

Nominal  Particle  Size 

Vendor 

Bf>03 

15.4  fim 

Alfa  Aesar 

Black  Powder 

Class  7,  40-100  mesh 

— 

Mn 

-10  micron 

AEE 

MnCE 

-325  mesh 

Alfa  Aesar 

Si 

MIL-S-230C,  Grade  2,  Class  CAEE 

Particle  size  (urn) 

Figure  S3.  Particle  size  distribution  of  Mn  and  MnCF  powder  used  for  supplemental 

experiments. 
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Delay  mixes  were  prepared  by  combining  the  components  in  conductive  containers.  Each  was 
mixed  on  a  vibrating  shaker  for  5  min,  passed  through  a  30  mesh  screen  to  remove  any  clumps, 
and  then  shaken  again  for  another  10  min. 

Aluminum  tubes  (15.24  mm  long,  9.53  mm  outer  diameter,  4.74  mm  inner  diameter)  and  hand¬ 
held  signal  (HHS)  delay  housings1  were  loaded  in  two  increments  in  the  following  order: 

(1)  0.030  grams  black  powder  (class  7) 

(2)  0.050  grams  30/70  Si/B^Cb  igniter 

(3)  first  portion  of  delay  mix 

(4)  press  at  227  kg  force  (124.9  MPa) 

(5)  second  portion  of  delay  mix  (same  amount  as  in  step  3) 

(6)  0.030  grams  black  powder  (class  7) 

(7)  press  at  227  kg  force  (124.9  MPa) 

The  amount  of  delay  composition  was  chosen  such  that  the  finished  tubes  and  delay  elements 
were  nearly  full.  Column  lengths  for  the  tubes  ranged  from  1 1.84-12.12  mm.  Column  lengths  for 
the  HHS  housings  ranged  from  8.76-10.01  mm.  The  finished  items  were  ignited  from  the 
Si/BECb  side  with  an  electrically  heated  nichrome  wire.  Digital  video  recordings  at  30  frames 
per  second  were  used  to  detennine  functioning  times.  Linear  column  burning  rates  were 
calculated  by  dividing  the  column  lengths  by  these  times.  For  each  composition  and 
configuration,  5  items  were  prepared  and  tested  and  the  results  averaged. 

Table  S2.  Combustion  Experiment  Data  in  Aluminum  Tubes  and  HHS  Delay  Housings. 


Mixture 

(Mn/MnCB) 

Configuration 

Amount  of  Delay 
Composition  (g) 

Average  Rate 
(mm/s) 

Rate  Standard 
Deviation 

35/65 

tube 

0.57 

6.12 

0.21 

45/55 

tube 

0.60 

9.42 

0.38 

65/35 

tube 

0.63 

6.27 

0.10 

35/65 

HHS  housing 

0.46 

6.19 

0.22 

45/55 

HHS  housing 

0.47 

8.73 

0.32 

65/35 

HHS  housing 

0.48 

5.86 

0.07 
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